a commercially-available direct shear apparatus for testing unsaturated soil and interfaces between unsaturated soil and stainless steel. Through a series of monotonic direct interface shear tests, DeJong et al. [6] examined localized soil-structure interaction through a series of monotonic direct-interface shear tests. Relative density, particle angularity, particle hardness, surface roughness, normal stress, and normal stiffness were among the parameters investigated. Hossain et al. [7] studied the interface shear strength increases with grouting pressure at saturated conditions. The rate of increase of shear strength with matric suction is greater for completely decomposed granite soil compared to soil-cement interface. Taha and Fall [8] studied the interface shear behavior of Leda clay-concrete: Leda clay specimens with various dry densities and salt contents were used to study the influence of these parameters on the interface shear behavior. Alejandro and David [9] conducted interface shear tests between cone penetration test friction sleeves of differing roughness and sands. Borana et al. [10] modified the fabrication of the shear box base/test cell for interface testing. Others studies analyzed the relationship between the shear stress and shear displacement of contact surface. Studies concerning the mechanical characteristics of contact surface often used plastic, elastoplastic, and Clough-Duncan nonlinear elastic models to describe shear stress-shear deformation curves. Clough and Duncan [11] studied the mechanical characteristics of contact surface between soil and concrete by direct shear tests, pointing out the hyperbolic curve of the interface shear stress and relative shear displacement. Evgin and Fakharian [12, 13] conducted two-dimensional and threedimensional tests of the interface between soil and steel to study the effect of the stressdisplacement under different stress paths. Shahrour and Rezaie [14] created a constitutive model of contact surfaces of silica sand by cyclic loading tests of the contact surface of silica and sand. Mortara et al. [15] obtained the formulation of a simple elastoplastic model for the behavior of smooth sand-steel interfaces; the model is derived from a series of constant, normal-stiffness direct shear tests between siliceous sand and smooth steel plate. Some scholars study the mechanical characteristics of contact surface soil and structure by numerical analysis [16] [17] [18] [19] [20] and explore the interface shear strength theory and test method based on the micro-structure between particles [19, [21] [22] [23] [24] . Available documents indicate that there are no studies concerning the influence of the strength of concrete interface and soil conditions themselves on the interface shear strength, and that there is no correlation model about the mechanical characteristics of contact surface between dredger fill and structure. Meanwhile, research based on the micro-structure between particles is still in the exploratory stage. Further study of how soil particles near the contact surface transfer shear force is necessary.
Therefore, in this paper, direct shear tests of dredger fill in different conditions and concrete under different strengths were conducted with large direct shear apparatus in Tongji University. The displacement of dredger fill particles near the interface during shear process is observed by particle image velocimetry (PIV). Interface shear characteristics of dredger fill-concrete are also analyzed.
Method and material

Test apparatus
The direct shear test is a large structure-plane shearing apparatus (SJW-200) developed by Tongji University. Its main technical parameters are shown in Table 1 , and the shear apparatus is shown in Figs. 1 and 2 . SJW-200 can provide an interface with size 600 mm × 400 mm. The apparatus can provide differing frequencies of cyclic loading and static loading in the vertical direction. Cyclic shear tests can also be conducted in the horizontal direction. Test data, including shearing stress, shearing displacement, normal stress, normal displacement and time are collected automatically by the equipment. The test data collection interval is 2 s in the tests.
Displacement of dredger fill particles near the interface is captured with the camera through plexiglass windows. Camera takes a photo every 5 s automatically.
Material of test
The interface in tests is concrete slab. According to the shear formula G = 2E/(1 − υ), the shear stress of interface depends on the properties of the structural material and the surrounding soil. For prefabricated pipe pile, surface roughness of concrete is similar, but the concrete strength is difference. So, in this paper, effect of surface roughness of concrete on interface behavior is not considered. In order to eliminate surface roughness difference of concrete slab, the concrete slab is polished by same sanding. In order to analyze the effect of concrete strength on interface behavior between soil and concrete, three concrete slabs with compressive strength of C30, C40, and C50 are made separately. The compounding ratio of concrete slab meets specification for mix proportion design of ordinary concrete (JGJ55-2011). The size of concrete slab Table 1 is 600 mm × 400 mm × 100 mm. The elastic modulus of the concrete slab is shown in Table 2 . Dredger fill are taken from Dishui Lake area in Shanghai Lingang New District. Preparation of specimen and the saturation process are conducted strictly according to standard for soil test method (GB50123-1999). Saturation degree (Sr) of the specimen is 0.95. Model size of dredger fill is 600 mm × 400 mm × 100 mm. Before each Shear Test start, soil samples were consolidated for 24 h under 20 kPa of normal stress. Basic physical properties of remolded dredger fill are shown in Table 3 .
Test procedures
The procedure of the direct shear tests on the interface between dredger fill and concrete is as follows: 1. In order to reduce friction in the system, Vaseline is smeared on the steel plate of an upside shear box and down-side shear box, inside the walls of steel plates of upside shear box, and the trolley wheels. 2. Place the concrete slabs in downside shear box, and place the dredger fill soil sample in the upside shear box. According to the different mass ratio, the test soil is prepared by mixing the soil and dyed sand. 3. The control points are marked in the shear box glass. Fourteen vertical observation belts and seven horizontal observation belts are arranged vertically and horizontally. It is shown in Fig. 3 . Through observing the horizontal displacement and vertical displacement of dyeing sand in horizontal and vertical observation zones, the particle deformation of the distance shear interface is obtained. 4. Fix the camera and adjust it to make sure that camera can take clear photos of dredger fill particles near the interface through the plexiglass window. 5. Turn on the apparatus, then move the shear boxes to the shear position. 6. Open the strain-control mode, set the rate of shearing of 2 mm/min, start shearing and taking photos.
Analysis of test result
Relationship between stress and displacement of interface 
Shear strength of interface
Ultimate shear strength of each interface under different normal stress was shown in Table 4 . Interface strength curve due to different soil samples is shown in Fig. 7 . Figure 7 shows that within the range of normal stress in the test, the relationship between shear strength and normal stress of interface fit the Mohr-Coulomb strength theory model:
where: τ m -ultimate shear stress of interface, kPa; σ-normal stress, kPa; c-cohesion of interface, kPa; ϕ-friction angle of interface.
The fitting result, cohesion, and the friction angle of the interface under differing densities of dredger fill and normal stress are shown in Table 5 .
Shear stress and shear displacement hyperbola model of interface
Mechanical characteristics of interface are mostly described with the rigid plastic model, the ideal elastoplastic model, and the Clough-Duncan nonlinear elastic model [24, 25] . Figures 4, 5 and 6 shows that the mechanical transfer equation of interface between dredger fill and concrete fits the hyperbola model (shown in Fig. 8 ). Shear (1) where: τ-shear stress of interface, kPa; u-shear displacement of interface, mm; a, bconstants to be determined. When the shear displacement (u) of interface approaches infinite, the shear stress of interface approaches a constant. Therefore, the physical meaning of b is a constant described ultimate shear stress of interface.
When the shear displacement approaches zero,
The physical meaning of K is the gradient τ ~ u curve approaches origin. Equation (2) can be rewritten as: Table 6 .
If one compares the fitting curve shown in Figs. 4, 5 and 6 and the correlation coefficients in Table 6 , it can be seen that the fitting values are in good agreement with test data. Thus, the relationship between shear stress and the displacement of dredger fill and concrete interface can be described by Eq. (5). The shear stress-displacement curve of dredger fill and concrete interface can also be predicted by Eq. (5).
Particle displacements of dredger fill
Displacement information of trace points in dredger fill can be recorded by particle image velocimetry technology (PIV) [26, 27] . After direct shear tests of the interface of dredger fill and concrete, the image sequence recorded of dredger fill particles will be treated by the particle image velocimetry analysis software Micro Vec V2.0. The result of soil sample 2 with concrete slab strength of C40 and normal stress of 200 kPa is given in this paper. The control points are marked in the shear box glass. Fourteen observation belts in vertical deformation and seven observation belts in horizontal deformation are arranged (Fig. 3) . Through observing the horizontal displacement and vertical displacement of dyeing sand in horizontal and vertical observation zones, the particle deformation of the distance shear interface was obtained. Further, the result is shown in Figs. 9 and 10. Figures 9 and 10 show that when the dredger fill particles' distance from interface is greater than 10 mm, horizontal displacement and vertical displacement of dredger fill particles both increase in correlation with shear displacement. When the dredger fill particles' distance from the interface is less than 10 mm, horizontal displacement increases, but vertical displacement decreases with the increase of shear displacement. The maximum horizontal displacement of dredger fill particles near the interface is 2.4 mm, and the maximum vertical displacement is 0.42 mm. There is obvious horizontal displacement and certain vertical displacement. When interface reaches maximum shear strength, changes of horizontal displacement and vertical displacement of dredger fill particles are very small with the increase of shear displacement. According to the analysis of the deformation between the contact surface of the concrete and soil with PIV technology, the formation of the shear zone in the shear process, the cause of the shear zone and the mechanism of the diffusion are obtained. The development of soil displacement near contact surface was analyzed.
Effect of concrete strength and density of dredger fill on interface
Effect of concrete strength on shear strength
The shear stress and displacement curve of dredger fill and concrete interface under differing concrete strengths are shown in Figs. 11, 12 and 13.
Figures 11, 12 and 13 show the effect of concrete strength on shear strength of interface increases with the increase of normal stress. When the normal stress is 50 kPa, 100 kPa and 200 kPa, the shear stress of concrete strength C50 interface respectively increases by 4%, 6.25% and 15.6% from that of concrete strength C30 interface. When the normal stress is less than 100 kPa, the effect of concrete strength on shear strength of interface is quite small. When the normal stress is greater than 200 kPa, the effect of concrete strength on shear strength of interface is significant. It means that when the embedded depth of the underground structure is more than 10 m and lateral stress intensity may be greater than 200 kPa, the effect of differing concrete strengths on the shear strength of interface under lateral stress should be taken into account.
The effect of the density of dredger fill on shear stress
Shear stress and displacement curve of dredger fill and concrete interface under different density are shown in Figs. 14, 15 and 16. 3. Effect of concrete strength on shear strength of interface increases with the increase of normal stress. When the normal stress is greater than 200 kPa, the effect of concrete strength on shear strength of interface is significant. 4. The ultimate shear stress of interface increases with increase of density of dredger fill.
The difference of ultimate shear stress of interface with different density of dredger fill increases with increase of normal stress.
